Nitroglycerin (glycerol trinitrate [GTN] ) is manufactured for use as an explosive in double-base gun and rocket propellants and as a pharmaceutical vasodilator. It is commonly found in the waste streams and soils of munitions manufacturing facilities and pharmaceutical plants. Concerns about toxicity and explosion hazards have led to increased efforts to develop safe and cost-effective methods for treating GTN-laden waste streams. Historically, the destruction of energetic materials and explosive mixtures has been accomplished through openair burning, detonation, or incineration techniques. As more stringent environmental regulations are enacted at the state and federal levels, these techniques are no longer considered viable. Physicochemical methods of GTN destruction involve adsorption on activated carbon followed by reduction with inorganic chemicals (e.g., Na 2 SO 3 ) or by alkaline hydrolysis, yielding glycerol and nitrite or nitrate. However, these techniques suffer from high operational costs, the presence of excess reactants that remain dissolved in the effluent, and the necessity for secondary treatment to remove nitrogenous products. Preference would therefore be given to environmentally friendly biological treatment methods, provided that a robust GTN biotransformation technology that ensures complete transformation (i.e., complete denitration without accumulation of glycerol dinitrates [GDNs] or glycerol mononitrates [GMNs] ) and economic practicality could be developed. Complete denitration is preferred since GDNs and GMNs are more soluble than GTN itself and in some instances are more toxic (6) .
Early studies of GTN biotransformation (21) used activated sludge, in batch and continuous bioreactors, supplemented with excess primary carbon sources. The authors postulated a stepwise GTN biotransformation pathway via the dinitrate and mononitrate glycerol esters, with successive steps proceeding more slowly. It is questionable whether complete GTN denitration was observed, since residual dinitrate and mononitrate isomers were found in spent medium from both the batch and continuous bioreactors and conflicting results on the presence of glycerol nitrates in effluent samples were reported (21) . The authors observed little or no reduction in GTN concentration in controls without supplemental carbon, suggesting that GTN biotransformation was a cometabolic process. In a later study, high destruction efficiencies of GTN were reported in a sequencing batch reactor used to treat munitions wastewater from a ball powder production facility (11) . It is unclear if complete denitration of GTN was achieved, since no attempts were made to measure concentrations of GDNs or GMNs. Cometabolism was again suggested to be the mechanism of GTN biotransformation, since GTN-acclimated cultures were incapable of utilizing GTN as the sole carbon source in benchscale reactors (11) .
White and Snape (22) and Blehert et al. (2) recently reported on the ability of pure bacterial cultures to utilize GTN as the sole N source. An Agrobacterium radiobacter strain denitrated GTN with the formation of both GDN isomers and subsequent conversion to 1-GMN and 2-GMN; the strain was not able to denitrate the GMN isomers, resulting in GMN accumulation (22) . A purified GTN reductase of A. radiobacter was NADH dependent and mediated the reductive scission of GTN to GDN only (20) . NADPH-dependent GTN reductases isolated from Pseudomonas putida and Pseudomonas fluorescens strains mediated sequential reduction of GTN to GDNs and GMNs, but GMNs were not effectively denitrated (2) .
Fungal transformation of GTN, by Geotrichum candidum and Phanerochaete chrysosporium, has been reported (4, 5, 13, 14) . G. candidum was able to denitrate GTN completely to 1-GMN and 2-GMN (4), while P. chrysosporium was found to denitrate GTN only to 1,2-GDN and 2-GMN (13, 14) . Evidence of a complete GTN denitration pathway was not observed with either culture (4, 5, 13, 14) .
Meng et al. (10) observed complete denitration of GTN by cell extracts of Bacillus thuringiensis/cereus. Although complete denitration was accomplished, continuous addition of cell extracts was necessary. Incomplete denitration and toxicity of GTN were observed in resting cell studies of the same isolates (10). Christodoulatos et al. (3) reported the complete mineralization of GTN as the sole carbon source by mixed bacterial cultures under strict anaerobiosis. Specific removal rates of nitrate esters were low but increased substantially upon the addition of glucose as a cosubstrate.
A thermodynamic evaluation of biochemical GTN denitration was performed by Smets et al. (19) , assuming a sequential denitration pathway of GTN via the dinitrate and mononitrate isomers in which each denitration step is reductive, mediated by a glutathione S-transferase. Various terminal electron acceptors were considered. The authors concluded that mineralization of GTN as the sole carbon and energy source by whole bacterial cells under both aerobic and anoxic conditions was thermodynamically feasible; they suggested that the failures of research groups to obtain enrichment cultures by utilizing GTN as the sole carbon source may have been caused by various limitations in experimental approaches (19) .
The objectives of the present work were to (i) investigate whether bacterial cultures could be enriched for utilization of GTN as the sole carbon (C) and nitrogen (N) source under aerobic conditions, (ii) examine whether these cultures could mediate complete GTN denitration, and (iii) provide a preliminary assessment of GTN denitration kinetics. To maximize the chances of developing GTN-mineralizing enrichment cultures, an inoculum was chosen from a locale with historic and continued exposure to GTN.
MATERIALS AND METHODS
Materials. GTN was obtained as a 5% solution in ethanol from Zeneca Specialties (Wilmington, Del.). Ethanol was evaporated under a stream of air to obtain small aliquots of neat GTN for preparation of filter-sterilized (0.45-m pore size, Nylon Magna-R; MSI, Westboro, Mass.) aqueous GTN stock solutions (1.0 g/liter). Stock solutions contained minor impurities of 1,2-GDN (Ͻ1% of solute weight) and 1,3-GDN (Ͻ0.5%), while GMN concentrations were not detected. Analytical reference standards of GTN, 1,2-GDN, 1,3-GDN, 1-GMN, and 2-GMN in acetonitrile (purity, Ͼ98%) were obtained from Radian Corporation (Austin, Tex. ) and nutrient broth (Difco Laboratories, Detroit, Mich.) were added as required immediately prior to autoclaving. GTN was added to cooled media from filter-sterilized stock solutions.
Enrichment for GTN denitration activity. Batch enrichment cultures were initiated in 500-ml shake flasks with inocula of mixed liquor from a wastewater treatment facility receiving waste streams containing GTN (Olin Corporation, St. Marks, Fla.). Dilutions of the mixed liquor were made in mineral medium to a final concentration of approximately 1,200 mg (dry weight) per liter, and GTN was added initially at 0.13 mM as the sole C and N source. Control flasks, with autoclaved inocula and without any inocula, were included to quantify abiotic transformations and removal of GTN by sorption to biomass and glassware. All flasks were incubated on an orbital shaker at 150 rpm and room temperature (approximately 25°C). Samples were periodically withdrawn with a glass syringe and centrifuged at 10,000 ϫ g in polypropylene microcentrifuge tubes for 10 min. After centrifugation, the supernatant was transferred to 2.0-ml Teflon-lined screw cap vials and immediately analyzed for glycerol nitrates by high-performance liquid chromatography (HPLC) or stored in the dark at 4°C prior to analysis. Flasks were periodically spiked to increasing concentrations of GTN.
Microbial growth assays.
Test tube cultures were initiated to confirm the ability of the cultures to use GTN as the sole C and N source. Autoclaved mineral medium (10 ml) supplemented with GTN (0.44 mM) as the sole source of C and N was added to sterile test tubes tightly stoppered with Teflon-lined screw caps. Control tubes without GTN were also included. Triplicate sets of tubes were inoculated with culture suspensions (0.1% [vol/vol] ) from the batch enrichment culture. Test tubes were incubated horizontally on an orbital shaker at 25°C and 150 rpm. Biomass growth was monitored by optical density at 660 nm (OD 660 ) measurements (Spec 20Dϩ; Milton Roy, Rochester, N.Y.). Culture supernatants did not contain metabolites absorbing at 660 nm.
Substrate utilization assays. A culture suspension from test tube enrichments taken in late exponential growth phase (as determined by OD 660 ) was used as the inoculum (1% [vol/vol]) for initial substrate depletion studies. Inocula for subsequent substrate depletion assays were prepared by harvesting the cells at the end of an experiment by centrifugation at 10,000 ϫ g for 10 min and resuspension in 0.85% NaCl. Experiments were performed in 500-ml shake flasks containing 200 ml of autoclaved mineral medium supplemented with GTN as the sole C and N source. Control flasks were amended with 0.1% (wt/vol) NaN 3 to inhibit biological activity (24) . All flasks were incubated in an orbital shaking water bath at 25°C and 150 rpm. Samples were withdrawn for OD 660 measurements. Additional samples were removed and centrifuged at 10,000 ϫ g in polypropylene microcentrifuge tubes for 5 min. After centrifugation, fractions of the supernatant were analyzed for nitrite while remaining fractions were transferred to 2-ml Teflon-lined screw cap vials and immediately analyzed for glycerol nitrates by HPLC or stored in the dark at 4°C prior to analysis. Nitrate analysis was performed on stored samples after termination of an experiment.
Viable cells at the beginnings and ends of shake flask experiments were enumerated as CFU by duplicate spread plating of serially diluted samples on tryptic soy agar diluted to one-fourth of the original nutrient concentration (Difco Laboratories). Plates were incubated at room temperature for approximately 1 week prior to colony counting.
Estimation of kinetic parameters. Maximum specific growth rate coefficients, max , were estimated for test tube cultures by linear regression of log transformed OD 660 -versus-time profiles.
HPLC analysis of nitrate esters. Nitrate esters were analyzed by isocratic HPLC (Varian Instruments, Palo Alto, Calif.). Complete separation of all glycerol nitrates was accomplished with a 5-m Hypersil ODS column (25 cm by 4.6 mm) (Keystone Scientific, Bellefonte, Pa.) and an initial mobile phase of 5:95 (vol/vol) acetonitrile-water. After 10 min of elution, the mobile-phase composition was switched to 40:60 (vol/vol) acetonitrile-water. For samples in which the quantification of GMNs was not necessary, a 5-m Spherisorb ODS-2 column (25 cm by 4.6 mm) (LDC/Milton Roy, Riviera Beach, Fla.) and a constant mobile-phase composition of 40:60 (vol/vol) acetonitrile-water were used. The mobile-phase flow rate for both elution systems was 1.0 ml/min, and detection was by UV absorbance at 214 nm.
Nitrite and nitrate analysis. Nitrite analysis was performed by a modification of the sulfanilamide method (7). Sulfanilamide and N-(1-naphthyl)ethylenediamine reagents were prepared in nitrite-free deionized water as 1% (wt/vol) sulfanilamide in 10% (vol/vol) concentrated HCl and 0.04% (wt/vol) N-(1-naphthyl)ethylenediamine, respectively. Sample and reagent volumes were 4.0 and 0.2 ml, respectively. Interference from mineral medium components was minimal. The detection limit for nitrite was 0.01 mg of NO 2 -N/liter. Nitrate analysis was performed on a Dionex Series 4000i ion chromatograph equipped with a conductivity meter and an IONPAC (4-mm) AS12A anion column (Dionex, Sunnyvale, Calif.) operated with a mobile phase of 2.7 mM Na 2 CO 3 -0.3 mM NaHCO 3 . The detection limit for nitrate was 0.04 mg of NO 3 -N/liter.
Partitioning and losses of GTN. Experiments were performed to evaluate the nonbiological loss of GTN resulting from typical sampling, centrifugation, and storage practices. A stock solution of GTN (0.48 mM) was sampled directly for analysis by using an HPLC injection syringe. Aliquots of the stock were subjected to successive 5-min centrifugation steps in polypropylene centrifuge tubes. Resulting supernatant fractions were stored in HPLC vials overnight at 4°C prior to analysis. All analyses were performed in triplicate, and losses were quantified by comparison of GTN concentrations of stock and centrifuged samples.
RESULTS
Enrichment for GTN denitration activity. Sequential GTN spikes were administered to the enrichment and control flasks (Fig. 1) . Rapid removal of GTN up to 0.5 mM was evident in the enrichment flask, while removal in the abiotic control flasks was negligible and sequential spikes caused a step increase in GTN concentrations. GDN isomers (not shown) accumulated transiently to maximum total concentrations of 0.02 mM, with 1,2-GDN being the dominant isomer observed. Confirmation of GMN removal was not possible with the HPLC method used at that time.
Inclusion of control flasks with autoclaved inoculum and without any inoculum allowed us to estimate a partition coef-ficient for GTN on biomass, P GTN (liters kg Ϫ1 biomass dry weight). The observed sorption of GTN to biomass for sequential GTN spikes was 0.016 Ϯ 0.006 (mean Ϯ standard deviation), 0.020 Ϯ 0.002, 0.031 Ϯ 0.004, and 0.027 Ϯ 0.007 mg of GTN/mg of biomass dry weight. Using the entire data set, a log P GTN of 2.37 Ϯ 0.30 was estimated, assuming that the initial biomass concentration of 1,200 mg (dry weight) per liter remained constant and that the difference in GTN concentration between the control flasks with autoclaved inoculum and without any inoculum (Fig. 1 ) was due to GTN sorption to biomass.
Microbial growth assays. After 4 months of growth of the enrichment culture, aliquots were diluted (0.1% [vol/vol]) in test tubes in mineral medium with GTN (0.44 mM) as the sole C and N source to examine sustained growth on GTN as the primary growth substrate. Although samples were not withdrawn for HPLC analysis, an increase in OD 660 values demonstrated biomass growth, which implied that some of the GTN was completely denitrated to yield assimilable carbon compounds for biomass synthesis (data not shown). Control test tubes without GTN addition did not show an OD 660 increase, indicating that growth in experimental test tubes was due to GTN utilization rather than to CO 2 and N 2 fixation. From the OD 660 profiles, the maximum specific growth rate was estimated at 0.048 Ϯ 0.005 h Ϫ1 . Substrate utilization assays. The utilization of GTN as the sole C and N source was investigated in detail in three separate batch experiments (E1 to E3), with initial GTN concentrations of 0.3 mM (E1, E3) and 0.5 mM (E2). No GTN removal was measured in the NaN 3 -supplemented flasks. Experiment E1 was initiated with an inoculum derived from test tube culturing, while experiments E2 and E3 were initiated with inocula derived from experiments E1 and E2, respectively. GTN removal was concomitant with substantial NO 2 Ϫ release (Fig. 2) . GTN removal proceeded simultaneously with the accumulation and removal of each GDN and GMN isomer, with 1,2-GDN and 2-GMN as the dominant observed isomers (Fig. 3A  and 4A ). Removal of GDN and GMN began before complete GTN depletion. Complete mineralization of GTN was observed in experiments E1 and E3. In experiment E2, 2-GMN persisted at low concentrations (0.002 mM) until the termination of the experiment, 6 days after the disappearance of all other GTN transformation intermediates (Fig. 3) . During experiments E1 through E3, 100, 72, and 75%, respectively, of the total nitrogen release expected from complete GTN denitration appeared as nitrite or nitrate, with 69 to 100% as nitrite and 0 to 7% as nitrate. Cell densities at the onset and termination of experiment E2 were 8. Partitioning and losses of GTN. An experimentally determined log K OW of 2.26 Ϯ 0.06 for GTN was in agreement with earlier reports (9) . In spite of the obvious hydrophobicity of GTN, sorptive losses during typical sampling, centrifugation, and storage practices were found to be insignificant (P ϭ 0.05).
DISCUSSION
Growth on GTN, provided as the sole carbon, nitrogen, and energy source, was observed in mixed microbial enrichment cultures under aerobic conditions. Biotransformation of GTN resulted in the accumulation and subsequent removal of all glycerol dinitrate and mononitrate esters. The fact that GDNs and GMNs accumulated is consistent with earlier studies and suggests that successive denitration steps proceed at lower rates (2, 3, 10, 21) . Recently, however, we reported GDN denitration as the rate-limiting step in the complete mineralization of GTN by a mixed culture in an aerobically operated sequencing batch reactor (18) . In the present experiments, isomeric GDNs and GMNs coexisted with GTN during periods when a decrease in the total glycerol nitrate concentration was observed (Fig. 3A and 4A) , suggesting the simultaneous denitration of all glycerol nitrate esters. The results of White et al. (23) indicated that GDN denitration was not concomitant with GTN denitration and that probably more than one enzyme was responsible for GTN denitration to GMN by whole cells, because the isolated GTN reductase did not denitrate GDN (20) . Similarly, Meng et al. (10) noted that GTN and GDN denitration were not concomitant for the examined crude cell extracts, while the reductases isolated by Blehert et al. (2) catalyzed concomitant denitration of GTN and GDN. Whether the concomitant denitration of GTN, GDN, and GMN observed in our study is due to the action of one or more than one enzyme, located in one or more than one member of the mixed culture,
is not yet known. Most researchers have observed incomplete GTN denitration (2, 10, 20, 23) . The complete denitration of GTN is desirable for detoxification because GDNs and GMNs retain toxic properties (6) . In addition, higher volatilities and aqueous solubilities make GDNs and GMNs more mobile than GTN, facts which must be considered during in situ bioremediation of GTN-contaminated soils.
The recalcitrance of nitrate esters to biotransformation has been observed by many researchers (1, 10, 12, 23) . Resistance of these compounds to microbial attack is likely the result of their xenobiotic nature and toxicity. The tendency of GTN to partition into organic matter, confirmed by our experimental log K OW value of 2.26 Ϯ 0.06, may explain its reported toxicity (4, 10, 18) . Heipieper et al. (8) noted that microbial cells experience extreme inhibition or death when exposed to a medium containing organic compounds with log K OW values between 1 and 5. This is caused by the partitioning of such compounds into the lipid bilayer of the microbial cell membrane, where they may cause leakage resulting in disruption of the membrane potential, loss of proteins and lipids, and ultimate cell death (16) . Thus, it is expected that GTN inhibits microbial activity through membrane solvent toxicity. The denitration of GTN into isomeric GDNs (log K OW unknown) and isomeric GMNs (log K OW ϭ 1.46 [9] ) may further contribute to cellular toxicity. Moreover, the metabolism of nitrate esters has been characterized as a reductive process, often resulting in the formation of nitrite (22) . It is well established that nitrite is toxic to cells at high concentrations through a variety of mechanisms (15) .
Complete mineralization of GTN observed during E3, for which the inoculum was derived from E2, suggests that 2-GMN persistence in E2 was not due to the loss of a specific metabolizing organism(s) and that the capacity to denitrate 2-GMN was recoverable. We postulate that toxicity resulting from high initial GTN concentrations and/or high concentrations of nitrite accumulated during E2 inhibited the enzymatic mechanism(s) responsible for 2-GMN denitration. Average cell yield estimates from plate count estimates were 30% smaller for E2 than for E3, further corroborating the toxicity observed during E2.
Christodoulatos et al. (3) recently reported a pseudo-firstorder GTN degradation rate coefficient of 6.25 ϫ 10 Ϫ3 hr Ϫ1 in anaerobic batch experiments that were inoculated with approximately 0.5 g (dry weight) of mixed microbial cultures per liter in the absence of supplemental carbon sources. With the reported anaerobic kinetic parameter, the time predicted to achieve 99% removal of initial GTN concentrations of 0.3 mM is 740 h, while the experimental time to attain 100% removal of (Fig. 4) . GTN biotransformation rates are therefore much higher in aerobic than in anaerobic cultures. Furthermore, GTN depletion profiles during aerobic experiments matched the total glycerol nitrate profiles closely ( Fig. 3A and 4A) . Therefore, the required times presented for GTN removal are similar to those required to achieve GTN mineralization. In contrast, reported GTN removal by anaerobic cultures did not correspond with any immediate loss in total glycerol nitrates, and additional time would be required to achieve GTN mineralization (3). Exponential GTN depletion profiles (Fig. 2 to 4) , indicative of cell growth coupled with zero-order substrate removal kinetics (17), were observed. The high substrate affinity displayed by the mixed culture is consistent with the high affinity for GTN expressed by purified GTN reductases (2, 20) .
Due to the low initial substrate concentrations (0.33 to 0.5 mM GTN), biomass increases during batch experiments were very small and typical assays for measuring biomass density did not offer the required sensitivity. As a result, viable cell counts were determined to confirm cell growth supported by GTN denitration. The cell number increases during experiments E2 and E3 reflected approximately five cell doublings each. Although cell counts were made on a nonselective growth medium, the contribution of heterotrophic strains present in the original sludge inoculum was estimated to be less than 10 2 and 1 cell/ml at the start of E2 and E3, respectively. The ability of GTN to support biomass growth as the sole carbon and energy source is important, since it implies the continuing ability of cultures to treat GTN wastes in the absence of, or upon the depletion of, external carbon sources.
During GTN mineralization, 72% (E2), 75% (E3), and 100% (E1) of the GTN-nitrogen was detected as nitrite-N or nitrate-N, with nitrate-N contributing only a minor fraction of the released nitrogen (Fig. 2 to 4) . During all assays, more than 66% of the GTN-nitrogen was released, indicating that more than two of the three nitrate ester bonds in GTN were cleaved, corroborating denitration of the GMNs. The lower nitrite-N and nitrate-N concentrations detected during E2 and E3 versus E1 suggest that nitrite and nitrate may further be removed by denitrification. The accumulation of nitrite during GTN mineralization suggests a reductive rather than a hydrolytic denitration mechanism. Reductive denitration is consistent with published accounts of denitration of nitrate esters by bacterial (1, 2, 20, 23) and fungal (13, 14) cultures. Meng et al. (10) , working with bacterial cultures, postulated the hydrolytic cleavage of nitrate esters followed by reduction of nitrate to nitrite, although that finding was disrupted afterwards (23) . The data gathered in this study do not support the occurrence of such a two-step enzymatic process.
In conclusion, we enriched for microbial cultures that were able to grow on GTN as the sole carbon, nitrogen, and energy source under aerobic conditions. Growth supported by complete GTN denitration was evidenced by an increase in culture OD and viable cell density and the sequential formation and disappearance of GDN and GMN isomers. GTN denitration was reductive and proceeded stepwise via the dinitrate and mononitrate isomers. The significance of microbial inhibition resulting from GTN solvent toxicity is currently under investigation in our laboratory. In addition, we are identifying and characterizing the component bacteria from the mixed culture and are examining whether individual isolates can mineralize GTN or whether cocultivation is required and whether individual isolates are capable of denitrification.
